Abstract-Directional couplers are devices generally used in high-frequency transmission lines and waveguides that respond to forward and reverse traveling waves separately. Hence they can be used to either measure standing-wave ratio in the steady state or to determine the direction of a propagating transient wave. Here, a design is proposed for a directional coupler to be used on multimode high-voltage transmission lines. Its performance is analyzed and several suggestions are made to improve its design.
I. INTRODUCTION AND BACKGROUND
T HE voltages and currents on any high voltage transmission line consist of the superposition of traveling waves in both the forward and reverse direction. For most power lines it is assumed that the voltage and current are relatively constant along their length because the length of the line is short compared to the wavelength (λ) at operating frequency (i.e., λ = 5000 km at 60 Hz). Nevertheless, it is always possible to write an expression for the voltage (or alternatively, current) of any natural mode along the line as
where V + is the amplitude of the forward traveling wave and V − is the amplitude of the reverse traveling wave and λ is the wavelength of the mode. Attenuation due to losses has been neglected here. If z λ, then the small argument expansion (i.e., e x ∼ = 1 + x) can be used for the exponentials in (1) to get
This form yields the total voltage at z = 0 as (V + + V − ) and at z = as this minus the term j2π (V + − V − ) /λ where the latter term can be understood as a small inductive voltage drop proportional to some equivalent inductance and the mode current that is proportional to (V + − V − ). The mode current is proportional to this term since the mode current (obtained by Manuscript solving the transmission line equations) can be written as
and at z = 0, the current is proportional to (V + − V − ). The use of (2) is the traditional method for expressing the voltage for short high voltage transmission lines. Nevertheless, it is always possible to decompose the voltage into forward and reverse traveling waves as in (1).
II. THE DIRECTIONAL COUPLER
At radio and microwave frequencies it is often important to know the amplitudes of the forward and reverse traveling waves. A commonly used, but simple, device for measuring these is called a "directional coupler." One type of directional coupler requires a physical length on the order of a wavelength and, and while commonly used for microwave devices is not practical at lower frequencies [1] . Another that is commonly used on radio frequency transmission lines is illustrated in Fig. 1 . Here, an electrically short probe wire of length is placed parallel to the unbalanced (e.g., coaxial cable) transmission line conductors and terminated with impedances Z 0 and Z at each respective end [2] . This probe wire is both capacitively and inductively coupled to the transmission line.
The fundamental principle of operation of this coupler is that capacitively and inductively coupled currents add/subtract at the left/right ends of the probe wire as illustrated in Fig. 2 . Here, the inductively coupled currents are represented by a voltage source in series with the probe wire that is proportional to the mutual inductance (l m ), the total current on the transmission line (I t ) and the length of the probe wire ( ). Capacitively coupled currents are represented by a current source that injects currents into the probe wire and are proportional to the mutual capacitance (c m ), the total voltage on the transmission line (V t ) and the length of the probe wire. It should be clear that the capacitively and inductively induced currents through the terminating impedances add at one end while they subtract at the other.
The key to the operation of this directional coupler is that according to (1) and (3), if the ratio of current to voltage for a forward traveling wave is positive, then the ratio of current to voltage for the reverse traveling wave is negative. Hence, if Z o = Z and these impedances are set so that the voltage across Z o is zero for a forward traveling wave, then the voltage across Z (= Z 0 ) is zero for a reverse traveling wave. Given this result the voltage across Z = (Z 0 ) represents the amplitude of the forward traveling wave while the voltage across Z o represents the amplitude of the reverse traveling wave and the total current and voltage have been decomposed into forward and reverse traveling waves.
III. APPLICATION TO MULTICONDUCTOR POWER LINES
In principle, the same idea can be used for high voltage transmission lines that support multiple propagation modes; however, a practical design for such a device has not yet been identified. Preliminary work on such a device was reported by Li [3] . However, the performance of the device proposed there was not sufficiently good to propose its actual use. Here the basic theory of a directional coupler for a high voltage transmission line is introduced in the context of a two wire transmission line above earth to illustrate some of the challenges introduced when extending the directional coupler concept to multiconductor transmission lines. This simplification is made since the inherent symmetry allows the theory for multiple mode transmission lines to be illustrated without to being obfuscated by the mathematics. If a device can be designed for this case, it can likely be extended to the case for practical high voltage transmission lines (three or more phases with multiple subconductors). If such a device was available, the voltage at power system operating frequencies, could be inferred if a measurement of current is known or vice versa. In addition, there are clear applications for such a device to measure the amplitude of higher frequency traveling waves during faults. More specifically, knowledge of the direction of travel and amplitude of traveling waves during faults is useful for fault location.
IV. DESCRIPTION OF THE PROPOSED DESIGN
The fundamental idea is to use a transmission line's own shield wire as a sensor since it is a finite length of conductor coupled to the power line. It should be noted, however, that if a shield wire either does not exist or cannot be used for this purpose, a separate parallel wire can be installed for use as a directional coupler. A single span of shield wire is isolated from other sections of the shield wire by replacing the connection to the shield wire at the adjacent spans with a spark gap. Doing this isolates the segment of wire, but does not negate the use of the shield wire for its intended purpose of lightning protection. In fact, some utilities use spark gaps in this way in order to reduce losses from induced currents on shield wires [4] .
V. PROBLEM GEOMETRY AND PARAMETERS
The problem to be solved is illustrated in Figs. 3(a) (end view) and (b) (view from above). It consists of a two wire horizontal transmission line with a single shield wire (of finite length ) above and to the left. The two wire transmission line is excited by a distant current source and, in general, carries currents and voltages in both common and differential modes as well as forward and reverse traveling waves. The shield wire is coupled to the transmission line in a way that will be described more fully shortly.
The upper half space (i.e., y > 0) is free space and is characterized by permittivity and permeability ε 1 = ε 0 and μ 1 = μ 0 respectively while the lower half space (i.e., y < 0) is a linear, homogeneous, isotropic, lossy material characterized by conductivity, permittivity and permeability σ 2 , ε 2 = ε r 2 ε 0 and μ 2 = μ 0 respectively, where ε r 2 is the relative permittivity of the half space.
VI. INCIDENT FIELDS
To solve this problem, reciprocity theory will be used [5] . The first step in the process is to determine the space potential and the "longitudinal electromotive force" sometimes called the "longitudinal electric field" (LEF) which is related to the mutual impedance of the two phase conductors in the absence of the shield wire. These are called the "incident" fields.
The "incident" fields (in the absence of the shield wire) can be determined using the geometry shown in Fig. 4 . Here the two conductor power line is excited by a current injected into conductor #1 at z = 0. This excitation simulates current injected by a phase-to-ground fault current or lightning.
A current I f is assumed to be injected at z = 0 as shown in Fig. 4 . The details of the solution for currents propagating on the conductors can be found in [5] . The result is that the total current on conductors #1 and # 2 consists of both differential and common modes and iŝ
and
where
Finally, the Carson integral is
is the resistance per unit length of the conductor at dc (i.e., zero frequency). σ w is the wire conductivity, J o (k w a) and J o (k w a) are Bessel functions of argument k w a = (−jωμ 0 σ w ) 1/2 a and order zero and one respectively where the conductor has been assumed to be non-magnetic since μ w (the conductor permeability) = μ 0 . Note that displacement currents in the conductor can be neglected (i.e., ε 0 ε rw σ w /ω). Hence it is not necessary to specify ε w , the dielectric constant of the conductor. If the frequency is either low enough or high enough then (12) can be replaced respectively by an equivalent that is (13) augmented by an inductive term or an impedance that is consistent with the skin effect [5] .
The voltage of each conductor with respect to the earth as a function of z can be determined by using
The specific results (for z > 0) arê 
Here,
where it has been assumed that a d. In each case, the log terms can be combined so that
Now that the currents and voltages have been determined, the space potential and the LEF relevant to the reciprocity coupling problem should be determined. First, using (15) the space potential at any point (x, y) due to the currents on these conductors can be determined if the line charge density on each conductor is determined from
The results (for z > 0) arê 
1 It is assumed here that all transverse distances are small compared to the length over which the current on the transmission line changes significantly. Second, the portion of the electric field associated with inductive coupling and relevant to the reciprocity coupling problem (here superscripted as the LEF) is equal to the sum of the mutual impedance from each conductor to a point (x, y, z) in space multiplied by the appropriate current. Hence,
VII. THE COUPLING MODEL

A. General Case
According to [5] , a first order coupling model can be used if the frequency is less than about 100 kHz. Using this model, as shown in Fig. 5 , the currents induced into the two ends of the shield wire arê
is the capacitive admittance per unit length of the shield wire in the presence of the earth, while (from (26))
and (from (27))
are respectively the space potential at the shield wire due to the transmission line and the LEF between the transmission line and the shield wire. Setting (31) equal to zero results in
B. Differential Mode
If it is now assumed that only a differential mode exists on the transmission line, the space potential in (26) and (32) and LEF in (27) and (33) respectively can be reduced tô
since −jωρ (z) = ∂Î 1 (z) /∂z by current continuity and
Using (35) and (36) with (x, y, z) = (−d sw /2, h sw − a sw , /2) in (34) and noting that many terms are common to both numerator and denominator and assuming that the two Carson integrals are approximately the same and cancel, it is possible to solve for a value of Z sw that results in zero current at z = 0. In this case, (34) reduces to
Although this value can be confirmed to produce a zero voltage at z = 0, it is difficult to design a direction coupler with this exact impedance because it depends on the ground conductivity. Hence, since the propagation constant of the differential mode is close to that of free space, the approximation γ d ∼ = k 0 is suggested. Using this results in
where η 0 = 120π Ohms is the impedance of free space. This is a much easier termination to design since it is purely real. Note that a forward traveling wave has been assumed in (29) and (30). For a reverse traveling wave, the current at z = would equal zero because the LEF would be in the opposite direction to that given in (33) if Z sw 0 = Z sw .
C. Common Mode
For the common mode,γ d is replaced by γ c , the two log terms in (26) and two mutual inductance terms in (27) are added rather than subtracted and (as for the differential mode) (x, y, z) = (−d sw /2, h sw − a sw , /2). Given the fact that the common mode return current now flows in the earth, there is less cancellation than for the differential mode (e.g., the two Carson integrals no longer approximately cancel). In this case, (29) can be shown to be equal to zero for this common mode condition on the transmission line if
If the same approximation (i.e., γ c ∼ = k 0 ) used for the differential mode is used here, (37) becomes (40).
Clearly, this is different from (38) and indicates that the proper terminating impedances needed to realize a perfect directional coupler are mode dependent.
VIII. POSSIBLE MEASUREMENTS
As mentioned in Section III, there is a clear application for a directional coupler to measure the amplitude and direction of traveling waves during faults. This knowledge could be useful in fault location. However, the directional coupler must be effective in the presence of more than one mode propagating on the transmission line. This aspect of the problem will be investigated in the next section.
Another possibility is a non-contact measurement of power frequency voltage if current is known. To understand how this could be done, consider the following expressions for current and voltage on a two conductor transmission line that consists of both forward and reverse traveling waveŝ 
Next, suppose that measurements ofÎ 1 (0) andÎ 2 (0) are known.
Note that the relative phase of these two terms can be measured. Given this along with the successive addition and subtraction of (45) and (46) 
Now, solving for I d in terms of the measured currents by subtracting (46) from (45) and using (47) and (48),
(50) Of course, the accuracy of this result depends on the assumptions that the direction coupler is a perfect measurement and that the effect of the additional mode is negligible. The former question will be examined in the next section and made above and the latter could possibly be resolved using perturbation theory to account for the second mode.
IX. RESULTS
A. Individual Modes
To determine the quality of a directional coupler using (38), the isolation for a forward traveling wave defined as isolation (dB) = 20 log 10
is plotted in Fig. 6 for frequencies between 60 Hz and 10 kHz. For the differential mode, the isolation is always above 20 dB and increases to above 40 dB at the higher frequencies since γ d is closer to k 0 at higher frequencies. However, for the common mode, the isolation is only approximately 10 dB. Clearly if the common mode is an important component of the current, this may not be acceptable. 
B. General Incident Current
To illustrate the response to an incident wave such as the one resulting from an injected current as shown in Fig. 4 (i.e., both differential and common modes), the isolation is plotted for the incident current (and corresponding voltage) given in (23)-(27) due to a injected current on conductor #1 at z = 0 with a directional coupler placed a distance z from this injected current. The result is shown in Fig. 7 .
Clearly, for directional couplers placed close to the injection point, the isolation is dominated by that of the common mode and is probably not sufficient for a practical device. This issue must be resolved prior to implementation of a direction coupler for high voltage transmission lines that support multiple modes of propagation.
X. SUGGESTIONS FOR IMPROVEMENT OF THE DESIGN
The common and differential mode responses could be separated if a pair of directional couplers was used such as illustrated in Fig. 8 . From the symmetry, it should be clear that the voltages induced on the ends of the two probe wires by the common mode are identical. However, the voltages induced on the ends of the two probe wires by the differential mode are equal in magnitude, but opposite in sign. Hence, adding and subtracting the voltages from the two probe wires should result in a separation of common mode induced and differential mode induced voltages.
Another possible improvement in the design could come from embedding a wire in the earth between the two towers. This may make the result less dependent on the specific grounding impedances at the ends of each probe wire.
XI. CONCLUSION
1) A measurement system for either inferring power frequency voltage from a measurement of current and/or for separating forward from reverse traveling waves on multiconductor high voltage transmission lines has been described. The idea for the system is based on the design of the directional coupler that has been used for many years on two conductor high frequency and microwave transmission lines. 2) Preliminary calculations show that while the system has promise, its performance (as it is proposed) may not be good enough to be useful. The reasons for this include the multimode nature of propagation on these transmission lines and the difficulty of specifying an impedance with a value that depends on propagation constants which are, in turn dependent on earth conductivity.
3) Suggestions have been made for improving the design. These include using multiple sensor wires and connections in the earth between towers.
